Abstract The full wave TORIC code and the Kinetic Fokker-Planck SSFPQL code are combined to perform self-consistent simulations of the ICRF heating in the EAST 2D magnetic configuration. The combined package is applied to the ICRF hydrogen minority heating in a deuterium plasma with the hydrogen concentration up to 10%. The fast wave propagation and absorption properties, power partitions among the plasma species and the RF driven energetic tails have been analyzed. Meanwhile, in order to optimize the ICRF heating, changing the resonance locations has also been considered in EAST plasmas.
Introduction
The EAST device is a superconducting tokamak with toroidal divertor configuration, which has a major radius R=1.85 m and a minor radius a=0.45 m. One of the EAST research objectives is to develop an advanced tokamak to operate in high performance regime and to explore a scientific and reliable basis for a future fusion reactor [1, 2] . The plasma will be heated with ion cyclotron resonance heating (ICRH) and lower hybrid wave current drive, but also by exploiting electron cyclotron resonance heating (ECRH) at an optimized magnetic field of B=2.5 T [3] and neutral beam injection heating (NBI) in EAST. In order to meet the requirements of the EAST, a 12.0 MW ICRF system has been developed for long pulse operation [4] . The ICRF heating experiments which are successfully performed in EAST [5] have demonstrated the utility of this heating method in hydrogen minority in deuterium plasma [6] . Significant performances of this heating method have also been demonstrated [7] and ICRF heating producing high-confinement (H mode) has been achieved in the last campaign of EAST [8] . However, the measured information in EAST is not enough to show the underlying physics and a reliable theoretical model is needed for accurately describing the energetic ions and their effects. In view of this, we study the ICRF heating in EAST by combining two simulation codes, a full wave solver TORIC [9] and a quasilinear Fokker-Planck solver SSFPQL [10] . The code TORIC solving wave equation in toroidal axisymmetric plasma in the ICRF has been integrated in the code SSFPQL for the ions, which calculates the surface averaged quasilinear diffusion coefficients and provides information on the suprathermal anisotropic tails of minority ions, so that their effects on wave propagation and absorption can be estimated by iterating TORIC [11] . The fast wave propagation and absorption properties, power partitions among the plasma species and the RF driven energetic tails have been analyzed. Meanwhile, in order to optimize the ICRF heating, changing the resonance locations is also considered; i.e. the on-axis and off-axis heating cases. In the modeling study of hydrogen in deuterium plasma (1% fully ionized lithium 7 Li fixed), a single mode number, n ϕ = 23 is chosen, which is calculated from the toroidal spectra characteristic of EAST ICRF antenna.
Numerical results
For experiments in EAST it was found desirable to have a convenient way to run the simulation codes for planning and analysis of experiments. A code was developed which first obtains the kinetic profiles from the MDSplus data storage system [12] . The code gathers information about the core plasmas (T e , T i , n e , Z eff ) and calls the TRANSP [13] code to obtain the density and temperature profiles of ions. Using all these data and the wave frequency and toroidal spectra characteristic of EAST ICRF antenna, the combined codes can be run. The main parameters of the simulations are * supported by National Natural Science Foundation of China (Nos. 11105179, 11375235 and 11375236)
shown in Table 1 . 
Optimization of ICRF heating in different frequencies
Firstly, the ICRF wave propagation and damping dynamics are analyzed in the plasma for fixed toroidal magnetic field of 2.5 T for EAST. We shift the hydrogen resonance location in the major radius, R(H), from 1.60 m to 2.18 m in the vacuum by changing the RF frequencies. Clearly, increasing RF frequency from 32 MHz to 38 MHz, the location of Hydrogen minority ions resonance layer is moving from the low magnetic field side to the high magnetic field side. The minority hydrogen concentration was fixed at 5% in deuterium plasma.
The contour plots of the RF electric field polarized component, Re(E + ) are shown for different ICRF wave frequencies (the on-axis and off-axis heating cases) in Fig. 1 . The ICRF antenna on the low field side launches fast waves propagating towards the resonance layer where the wave energy is strongly damped on hydrogen ions. This is clearly seen in Fig. 2 as the 2D power profiles of hydrogen ions. Some parts of the fast wave penetrate towards the high field side and then are mode-converted to ion Bernstein waves. Then the wave is coupled further near lithium resonance layers. Fig. 3 shows the radial power deposition profiles of hydrogen minority ions. The profile depends on f RF and reaches the maximum at a special radial position. Besides damped on hydrogen, the fast wave power can also be absorbed by other species. In the case of ICRF wave frequency f RF =34 MHz (on axis heating), the simulation results show that about 89% of the power is transferred to hydrogen, while the fraction of power to the lithium impurities takes around 0.5%, the direct electron damping via transit time magnetic pumping (TTMP) and electron Landau damping (ELD) is calculated to be less than 5% and the power to deuterons is about 6% of the whole ICRF power. The ICRF wave power transferred to minority ions is collisionally transported to the background ions and electrons. Fig. 4 presents the power deposition profiles of background ions before-and after collisional redistribution. As can be seen, after collisional redistribution, both deuterium power deposition P dep (D) and electron power deposition P dep (e) reach their maximum nearly at the same radial point. 
Optimization of ICRF heating in EAST configuration
In the case of hydrogen minority heating, the power is mainly transported to hydrogens through fundamental resonance absorption of minority. Furthermore, the critical energy of hydrogen is so low that lots of energetic hydrogens have energies above the critical velocity. The critical velocity is the velocity at which indirect bulk ions and electrons are heated equally strong by collisions with fast ions [14] . Consequently, electrons are predominantly heated through collisions with fast ions. We have analyzed the effect of changing the two most important input parameters on the calculated power partitions among the plasma species, i.e. the hydrogen concentration and the total absorption power, which is an important parameter for the average energy of the resonating ions.
The relevant plot is presented in Fig. 5 , where the power going to the ions and electrons (with and without collision) is shown vs the hydrogen minority concentration. In the case of collisionless, power is mainly transferred to hydrogen with a maximum at a minority concentration of 5%. The fraction of total power to the background ions and electrons, which includes the power transfer from the resonating deuterons via collisions, is shown in Fig. 5(b) . After collision, the energy of minority tails is mainly transferred collisionally to bulk electrons. And increasing the hydrogen concentration decreases the power transfer to bulk electrons. Fig. 6 shows the plot of power spreading to background ions and electrons with varying coupling power. The fast wave power partitions among bulk electrons increase from 46.85% to 70.46% through increasing the coupling power from 1 MW to 6 MW. Contrarily, the fractions to deuterium majority decrease. As expected, the simulation results show that the hydrogen minority heating scenario should give rise to strong electron heating. As shown in Fig. 7 , the perpendicular minority temperature is estimated by a simple analytical model, which uses the results of the classic paper by Stix [15] . The results of numerical modelling are in very good agreement with the analytical estimates. Fig.7 The perpendicular temperatures at the heating maximum as a function of (a) the hydrogen minority fraction and (b) the ICRH power evaluated by the combined code and the analytical estimates As a result, the strongest heating is obtained, for B=2.5 T, f RF =34 MHz and the assumed toroidal mode number n ϕ =23, at the minority concentration of 5% in deuterium plasma. In fact, the ion temperature plays an important role in the fusion reactivity of the reacting ion species. So, in a reactor, it is important to optimize ICRF heating scenarios where the resonating ions should be kept to have the energy below or approaching the critical velocity to get a good heating effect. This is not the case in the present minority hydrogen scheme for which most of the power goes to electrons.
Conclusions
ICRH hydrogen minority heating in a deuterium plasma is evaluated with the combined codes TORIC and SSFPQL, and optimized for reaching the enhanced minority ion absorption, which could be used to achieve dominant electrons heating in EAST deuterium plasmas. Quasi-linear calculation shows that hydrogen minority tails mainly heat bulk electrons. Meanwhile, the power transfer to bulk electrons decreases with increasing hydrogen concentration. Contrarily, increasing the coupling power increases the power partition among bulk electrons.
